Background-Cardiac resynchronization therapy (CRT) improves chamber mechanoenergetics and morbidity and mortality of patients manifesting heart failure with ventricular dyssynchrony; however, little is known about the molecular changes underlying CRT benefits. We hypothesized that mitochondria may play an important role because of their involvement in energy production. Methods and Results-Mitochondria isolated from the left ventricle in a canine model of dyssynchronous or resynchronized (CRT) heart failure were analyzed by a classical, gel-based, proteomic approach. Two-dimensional gel electrophoresis revealed that 31 mitochondrial proteins where changed when controlling the false discovery rate at 30%. Key enzymes in anaplerotic pathways, such as pyruvate carboxylation and branched-chain amino acid oxidation, were increased. These concerted changes, along with others, suggested that CRT may increase the pool of Krebs cycle intermediates and fuel oxidative phosphorylation. Nearly 50% of observed changes pertained to subunits of the respiratory chain. ATP synthase-␤ subunit of complex V was less degraded, and its phosphorylation modulated by CRT was associated with increased formation (2-fold, Pϭ0.004) and specific activity (ϩ20%, Pϭ0.05) of the mature complex. The importance of these modifications was supported by coordinated changes in mitochondrial chaperones and proteases. CRT increased the mitochondrial respiratory control index with tightened coupling when isolated mitochondria were reexposed to substrates for both complex I (glutamate and malate) and complex II (succinate), an effect likely related to ATP synthase subunit modifications and complex quantity and activity. Conclusions-CRT potently affects both the mitochondrial proteome and the performance associated with improved cardiac function. (Circ Cardiovasc Genet. 2010;3:78-87.)
H eart failure (HF) is a leading cause of morbidity and mortality in older adults, affecting 5 million individuals in the US alone. 1 A subset of patients with HF also develops regional conduction delay, resulting in discoordinate contraction that worsens symptoms and ultimate prognosis. Since the turn of the millennium, cardiac resynchronization therapy (CRT), also referred to as biventricular pacing, has become a clinical treatment for such patients, improving heart function, clinical symptoms, and survival. 2, 3 Some recent studies 4 -6 have revealed changes in gene expression and molecular remodeling of stress response kinases and cell survival signaling associated with CRT. Among the earliest findings in clinical CRT studies was the demonstration that CRT improves chamber energetic efficiency. This effect is rapid, resulting from the retiming of contraction to synchronously occur in both sides of the myocardium, reducing wasted chamber work much like tuning a car engine. Given the importance of abnormal mechanoenergetics in HF and centrality of ATP cycling, 7 we hypothesized that CRT may also modify the underlying mitochondrial machinery responsible for energy supply.
Clinical Perspective on p 87
We determined protein changes in the mitochondrial subproteome by means of 2-dimensional gel-based (pH, 4 to 7 and 6 to 11) proteomics and additional detailed analysis of ATP synthase, the complex responsible for ATP production, using a recently developed and reported canine model of dyssynchronous heart failure and its resynchronization. 5 Our findings are consistent with cardiac resynchronization therapy acting as a metabolic therapy, increasing the abundance of enzymes that replenish the pool of Krebs cycle intermediates and reducing equivalents and subunits/mature complexes of the respiratory chain. We further demonstrate in dog's heart that cardiac resynchronization therapy modulation of a novel ATP synthase-␤ subunit phosphorylation (T311) may play a role in the regulation of complex V activity, protein turnover, and assembly.
Materials and Methods

Animal Model
Adult mongrel dogs (nϭ9) underwent either a dyssynchronous HF (DHF) or a CRT protocol, as previously described 8, 9 (see the online Data Supplement for details).
Mitochondrial Fraction Preparation for Proteomics
The mitochondria-enriched fraction was prepared as we reported previously, with minor modifications. 10, 11 A detailed protocol description is available in the Data Supplement.
Two-Dimensional Gel Electrophoresis
Two-dimensional gel electrophoresis (2DE) was performed on immobilized pH gradient 18-cm strips (GE Healthcare, Buckinghamshire, UK), pH ranges 4 to 7 and 6 to 11, in the first dimension (see the Data Supplement for details).
Protein Identification by Mass Spectrometry
Protein spots whose density was significantly changed with CRT were excised from fresh gels and digested as described previously. 12 Extracted peptides were submitted to tandem mass spectrometry (MS/MS; see the Data Supplement for details).
Phosphopeptide Analysis by Immobilized Metal Affinity Chromatography
Individual ATP-␤ spots separated by 2DE underwent in-gel trypsin digestion followed by extraction of the resulting peptides, as described in the Data Supplement. Phosphopeptides were enriched with an immobilized metal ion affinity chromatography column essentially as described by Ficarro et al, 13 with minor protocol modifications 12 described in the Data Supplement. The reported phosphopeptide sequence was confirmed by manual inspection of the MS/MS spectra.
ATP-␤ Dephosphorylation Assay
The phosphorylation status of ATP-␤ protein on 2DE gel was monitored using a modification of a previously described protocol 14, 15 (see the Data Supplement for details).
Characterization of Isolated Complex V
Complex V was monitored by means of blue native-polyacrylamide gel electrophoresis (BN-PAGE) as described in detail in the Data Supplement. The presence of ATP-␤ in F 1 /F O complex was assayed through Western blotting using an anti-ATP-␤ antibody (MS503, Mitosciences, Eugene, Ore).
BN-PAGE gels also were used to measure the ATP synthase activity of complex V using the in-gel assay described by Bisetto et al 16 and as described in the Data Supplement.
Measurement of Oxygen Consumption in Isolated Mitochondria
Oxidative phosphorylation efficiency was measured on mitochondria freshly isolated from CRT and DHF animal hearts, as described previously. 17 Oxygen consumption was monitored at 37°C in the 2 groups in the presence of either glutamate/malate or succinate as substrates and after the addition of 300 mol/L ADP or 10 mol/L 2,4-dinitrophenol to induce state 3 and maximal respiration, respectively. Additional details are provided in the Data Supplemental Methods section.
2DE Data Analysis
Statistical significance of protein changes was assessed using 2-sided 2-sample t tests, assuming equal within-group variability. P and q values (for false discovery rate) are provided in the text and Table 2 . All statistical analysis was performed using the open source statistical environment R (http://cran.r-project.org). After statistical analysis, a 1.5-fold cutoff was applied for biological significance 18 (see the Data Supplement for more details).
Results
CRT Improves Cardiac Chamber Function
As previously reported, both groups of animals developed dilated cardiomyopathy, with reduced ejection fractions and increased end-diastolic pressures. DHF hearts showed evidence of dyssynchrony (variance of peak systolic strain time around the heart 68Ϯ4.6 versus 31.3Ϯ5.1 in CRT [normal level is Ϸ30; PϽ0.001]). Animals assigned to CRT (biventricular pacing) had improved ejection fraction and contractility measured at week 6 when compared with those maintaining DHF ( Table 1) . Paired data between the third and sixth week time points have confirmed improved function in CRT and reduced function in DHF. 5 Table 1 summarizes functional data recorded from DHF and CRT animals before they were euthanized.
Protein Changes With CRT
Roughly 1200 protein spots were visible after silver staining on high-resolution 2DE gels in the 4 to 7 and 6 to 11 pH ranges ( Figure 1 ). Thirty-one quantitative protein changes were observed in isolated mitochondria from CRT versus DHF hearts when controlling the false discovery rate at 30% (and 21 when controlling at 20% false discovery rate; see Table 2 for q values). Representative spot images and quantification of the various protein spots that changed between DHF and CRT are shown, clustered in functional groups, in Figure 2 . Protein spot identifications, together with 2DE and MS/MS data, fold changes, and statistics, are listed in alphabetical order in Table 2 and numbered accordingly, together with the protein accession number as provided by National Center for Biotechnology Information nonredundant protein database ("other-mammals" subdatabase, see the Data Supplement for Table 2 description). Although 2DE is historically known for its bias against membrane proteins, 19 our optimized separation protocol 10 allowed us to obtain extensive representation of the mitochondrial proteome, including a large number of basic and membrane proteins (see Channels and Mitochondrial Membrane Proteins section). 
Respiratory Chain
Approximately half of the observed mitochondrial protein changes (15 of 31) pertained to the respiratory chain, consistent with CRT modulating ATP production ( Figure 2A) . The changes were observed in all protein complexes of the respiratory chain, with the sole exception of complex IV, and included complex I 1␣ subcomplex 6, 14 kDa, Fe-S protein 1, 75 kDa, and B16.6, which were all increased (2-to 5-fold). The enzymatic complex linking the Krebs cycle to respiratory chain, complex II succinate dehydrogenase, increased in the CRT mitochondria (2-fold) and was phosphorylated (Supplemental Figure IA and IB), and 1 complex III subunit (binding protein) increased in CRT compared with DHF (3-fold). Interestingly, 2 different protein spots with different pI values were identified as cytochrome c (cytC); all of these exhibited a decrease in spot density in the biventricular pacing group (Ϫ2-fold,). Complex V also is changed, and given the importance of its modifications, we have characterized it in detail (see below).
Metabolic Pathways
Metabolic pathways that supply intermediates for the Krebs cycle (presented in Figure 2B ) were all increased by CRT.
The changes were observed in pyruvate carboxylase (3-fold) and pyruvate dehydrogenase, E1 (Ͼ10-fold) and E2 (2-fold) subunits. Additional key enzymes that fuel the Krebs cycle also were increased ( Figure 2C ) as follows: aldehyde dehydrogenase (2-fold), ␣-keto acid dehydrogenase E2 (2-fold), and ferredoxin reductase (2-fold). Fatty acid-binding protein, which participates in fatty acid transport into the mitochondrial matrix for final oxidation, also was increased by CRT (4-fold).
Protein Synthesis or Import
Proteins that participate in mitochondrial protein synthesis or import to mitochondria ( Figure 2D ) were mainly upregulated with one of the more prominent changes involving prohibitin 2 (5-fold). It is noteworthy that the prohibitin 2 protein spot (pIϭ10.04) is perfectly resolved, an uncommon observation for such an extremely basic protein. Leucine-rich PPR motifcontaining protein also was increased (2-fold). The 28S mitochondrial ribosomal subunit (S22) declined in the CRT group (Ϫ1.5-fold).
Channels and Mitochondrial Membrane Proteins
Two isoforms of the voltage-dependent anion channels 2 and 3 showed a different abundance with CRT (Ϫ2-fold and 3-fold, respectively), indicating that the solubilization and separation methods used are effective in recovering and resolving very basic and hydrophobic proteins ( Figure 2E ; also refer to Table 2 for predicted pI values). Additionally, a more acidic form of another mitochondrial membrane protein of unknown function, XP_533991, is recovered in the basic gels and decreased with CRT (Ϫ2-fold) ( Figure 2F ).
Reactive Oxygen Species Scavenging
The reactive oxygen species scavenging apparatus ( Figure  2G ) in the mitochondria was augmented by CRT, as reflected by increased levels of both thioredoxin-dependent peroxide reductase (Ͼ10-fold change) and a modified form (based on experimental pI deviation from the predicted one) of the programmed cell death 8 protein (apoptosis-inducing factor; 2-fold; Figure 2G ). This and other protein changes ( Figure 2H and 2I) are discussed in the Data Supplement (supplemental Results and Discussion sections).
Modifications of ATP Synthase
ATP-␤, part of respiratory chain's complex V, was assigned to 6 protein spots. Because all of them displayed an experi- Table 2 .
mental molecular weight (MW) lower than the theoretical one, they are likely the fragments of ATP-␤. All were decreased (ranging from Ϫ3to Ϫ2-fold; Figure 3A and supplemental Figure II) . Because samples were kept on ice during mitochondrial enrichment and processed under identical conditions, it is unlikely that artifactual protein degradation occurred. Furthermore, mitochondrial samples left on ice for 8 hours (sampled every 2 hours) were subjected to 1DE separation and Western blot analysis, and no evidence of artifactual ATP-␤ protein degradation was discerned (data not shown).
To investigate the contribution of phosphorylation to ATP-␤ protein spot changes, we used a 2DE difference in-gel electrophoresis-based method in which endogenous samples (DHF and CRT) were pooled and dephosphorylated with alkaline phosphatase (AP) and used as an internal standard Two levels of stringency were applied for both statistical (PՅ0.05, qՅ0.3, or 30% false discovery rate) and biological (1.5-fold change) significance. Proteins with qϾ0.2, which normally would not merit claims of signals were retained for their "biological coherence" (eg, subunits of the same complex, see the online Data Supplement). AIF indicates apoptosis-inducing factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NADH, reduced nicotinamide-adenine dinucleotide; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PPR; and VDAC, voltage-dependent anion channel.
(dephosphorylated proteome). Figure 3B shows the 2DE separation of ATP-␤ obtained before and after dephosphorylation. The cluster of colored spots correspond to differently phosphorylated forms of ATP-␤ where based on CyDyes color assignment, the protein spots with a dominant red color (Cy3) are more abundant in DHF, and the spots with a dominant green color (Cy5) are more abundant in the CRT group. The blue channel (Cy2) detects the "dephosphorylated" proteome; hence, stronger blue color indicates less or unphosphorylated protein, confirming the presence of phosphorylation in adjacent acidic spots. Protein phosphorylation can affect electrophoretic mobility in 2 ways. The addition of a phosphate group not only can shift the pI of the protein toward the acidic end, but also can produce an apparent increase in the molecular weight by probably affecting protein-sodium dodecyl sulfate interaction (due to negative charge). Therefore, unphosphorylated (or less phosphorylated) ATP-␤ protein spots appear at the bottom right in Figure  3B compatible with a more basic pI and lower molecular weight after phosphate groups removal by AP. It is interesting to note that just a small fraction of the subunit is not phosphorylated (intact form; Figure 3 , 2-fold increased, Pϭ0.048, qϭ0.31), suggesting that very little of the subunit exists in an unmodified form in vivo and that posttranslational modifications probably play a major role in regulating its biological function. We also found that another complex V subunit, ATP␦, was phosphorylated but similarly in both DHF and CRT (supplemental Figure IC and ID) .
To characterize ATP-␤ protein phosphorylation in detail, immobilized metal ion affinity chromatography was used upstream of MS. MS/MS spectra of ATP-␤ peptide FT*QAGSEVSALLGR (m/zϭ709.4) is shown in Figure 3D . De novo sequencing confirmed the presence of a phosphate group based on b 10 and b 12 ions. The only phosphorylatable amino acid residue within this sequence is the threonine residue (T311). Interestingly, the homolog position in rabbit sequence was found to be phosphorylated in rabbit heart on pharmacological preconditioning with adenosine. 12 The complex assembly and degradation of ATP synthase is highly regulated. The effect of CRT on ATP-␤ protein inclusion into mature multimeric complexes (F 1 /F O ) was monitored through BN-PAGE. 20 Mild detergent conditions, which still allowed separation of native complexes, were used in the electrophoretic separation. Figure 3C shows a Western blot analysis of a nondenaturing BN-PAGE gel where a specific antibody for ATP-␤ was used. The F 1 /F O of complex V was detected (a Western blot, using anti-ATP synthase-␣ subunit antibody, produced the same immunopattern; data not shown). The F 1 is membrane associated, whereas the F O is the oligomycin-sensitive transmembrane portion; the F 1 classically consists of 3 ␣, 3 ␤, and 2 ␦ subunits. 21 The intact F 1 /F O was increased in the CRT group (2-fold, Pϭ0.004 versus CRT), indicating an increase of the mature, assembled complex V with CRT. Interestingly, the same form of the complex was not significantly changed in DHF compared with sham-operated animals ( Figure 3C ).
Mitochondria Coupling Improves With CRT
The efficiency of oxidative phosphorylation was determined in mitochondria isolated from shams and dogs subjected to Table 2 . Protein names with grey backgrounds are those that increased with CRT. DHF and CRT (Figure 4) . In DHF dogs, mitochondrial oxygen consumption was significantly increased in the basal state (state 4) compared with shams or CRT in the presence of both complex I substrate glutamate/malate ( Figure 4A ) and complex II substrate succinate ( Figure 4B ). However, respiration in state 3 and uncoupled state, induced by addition of ADP and protonophore 2,4-dinitrophenol, respectively, did not differ between the groups. CRT prevented mitochondrial uncoupling, thus enhancing the respiratory control ratio over DHF ( Figure 4C ). ADP/oxygen ratio ( Figure 4D) , an index of the oxidative phosphorylation efficiency, was significantly greater in CRT and shams than in DHF mitochondria.
Finally, the intrinsic activity of complex V, isolated in native conditions according to Bisetto et al, 16 was increased by 20% with CRT compared with DHF (Pϭ0.05; Figure 4E ), whereas no significant difference was observed between DHF and sham animals. The activity was measured as the density of lead phosphate bands generated after incubation in the presence of ATP, normalized to the quantity of complex V (F 1 /F O ), and, therefore, can be considered the "specific activity" of the complex (see also the Data Supplement).
Discussion
This study explored the mitochondrial subproteome of dyssynchronous and resynchronized (biventricular-paced) failing hearts, using an improved separation method for basic proteins, 10 a modified version of dephosphorylation 2DE (com-bining difference in-gel electrophoresis and AP treatment), 14 and a phosphopeptide enrichment MS-based method for phosphoresidues identification, 22 all of which were coupled with functional targeting of complex V. We identified 31 mitochondrial proteins and 2 mitochondria-associated proteins that were changed in the CRT group compared with DHF, controlling at 30% false discovery rate. These findings are summarized in a schematic shown in Figure 5 . The changes encompass many facets of mitochondrial function, including metabolic pathways, ATP production, protein turnover, oxidative stress, and apoptosis. The results also were analyzed with the Ingenuity Pathways Analysis tool, which confirmed the significant regulation of mitochondrial dysfunction and oxidative phosphorylation canonical pathways (supplemental Figure III) .
The most important observation of our study is the modulation of metabolic pathways and ATP production machinery in CRT-treated hearts. Specifically, CRT seems to broadly influence metabolic pathways that regulate pyruvate metabolism. Pyruvate carboxylase was notably increased with CRT. Pyruvate carboxylase is a key anaplerotic enzyme important for replenishing the Krebs cycle. Intracoronary administration of pyruvate to patients with HF acutely improves hemodynamics and cardiac performance, and this inotropic effect is thought to be mostly due to its effects on the Krebs cycle through pyruvate dehydrogenase and other anaplerotic pathways. 23 In the heart, the concentration of Krebs cycle intermediates is critical, and the depletion of carbon flux into the cycle results in contractile dysfunction. 24 It is likely that increased levels of pyruvate carboxylase provide a supplementary source of Krebs cycle intermediates. Carbon units traditionally enter the Krebs cycle through pyruvate dehydrogenase. The observed increase in the E1 and E2 subunits of pyruvate dehydrogenase likely underlies a parallel effect on the formation of Krebs cycle intermediate. Both pathways improve the use of pyruvate and the consequent formation of reducing equivalents (reduced nicotinamide-adenine dinucleotide and flavin-adenine dinucleotide, reduced form) that are later oxidized by the electron transport chain.
Another important metabolic pathway in the heart relates to branched-chain amino acid (Val, Leu, and Ile) oxidation because carbon derived from branched-chain amino acids also can replenish the Krebs cycle intermediates pool through the formation of acetyl-coenzyme A. Benefits from the use of branched-chain amino acids in isolated normal and septic hearts have long been recognized. 25, 26 Intriguingly, we found that the E2 subunit of branched-chain ␣-keto acid dehydrogenase was increased in CRT compared with DHF. CRT also enhanced the abundance of fatty acid-binding protein, a well-established regulator of ␤ oxidation, which fluctuates in mitochondria, along with peaks in ␤ oxidative activity. 27 Heart metabolism in hypertrophic and failing hearts may shift from fatty acids to glucose utilization 28 ; and in this light, an increase in fatty acid-binding protein might reflect the reversal to a more normal and efficient metabolic phenotype. This view also is supported by recent metabolomic studies. Turer et al 29 recently showed that ischemia/reperfusion injury de-creases the oxidative fuel metabolism (fatty acids and ketone bodies) in favor of an increased glucose metabolism. Additionally, Mayr et al 30 recently analyzed the metabolomic and proteomic changes associated with human atrial fibrillation and found alterations of glycolytic enzymes in the absence of a significant increase of glucose metabolites. Further, the transcriptomic, proteomic, and metabolomic data pointed toward an inhibition of pyruvate dehydrogenase complex during atrial fibrillation, which agrees with our observations. Finally, the changes in metabolic proteins are supported by a recent transcriptomics study from our group. 6 Succinate dehydrogenase was increased in CRT compared with DHF, suggesting that augmented availability of Krebs cycle intermediates may fuel the respiratory chain through complex II. While optimizing the ATP-␤ dephosphorylation assay, we also found that succinate dehydrogenase is heavily phosphorylated in this canine pacing model (supplemental Figure IA and IB) . Moreover, the SDH protein spot increased with CRT (SSN 26) likely represents the un-phosphorylated, precursor form of the flavoprotein subunit of complex II, based on pI and MW co-ordinates. Therefore, the observed increase may be due to newly synthesized protein. The additional observation that isocitrate dehydrogenase activity is increased (supplemental Figure IV) provides functional evidence that Krebs cycle activity was stimulated with CRT.
More than half of the observed protein changes resided in the respiratory chain. Generally, subunits of complexes I, II, III, and V were increased on CRT, suggesting a compensatory shift toward an increased ability to produce ATP through oxidative phosphorylation. As such, it is surprising that 2 forms of cytC were decreased, and according to the difference Table 2 . The pI indicates observed pI differs Ͼ1 pH unit from predicted one; MW, observed MW differs more than 10 kDa from predicted one. FAD indicates flavin-adenine dinucleotide; FADH 2 , flavin-adenine dinucleotide, reduced form; NAD ϩ , oxidized nicotinamide-adenine dinucleotide; P i , inorganic phosphate; and TCA, tricarboxylic acid. See Table 2 for other abbreviations.
between the observed and predicted pI and MW of the protein, these 2 forms likely represented modified forms of cytC. In this study, we were unable to observe a shift in the pI of cytC after treatment with AP coupled with Western blot analysis, suggesting that (a) the observed pI shift is due to an unknown posttranslational modification; (b) cytC is phosphorylated, but the antibody used did not recognize this form of the protein; or (c) AP could not dephosphorylate cytC efficiently. Indeed, AP shows a low specificity by nature, and the assay conditions were optimized for ATP-␤ dephosphorylation; however, in general, the non-specificity of AP represents an advantage rather than a limitation, at least in broad-based screening dephosphorylation assays such as those required in proteomic analyses. 15 The ATP-␤ subunit of complex V was less proteolyzed, and its phosphorylation status altered with CRT; the quantity of the mature F 1 /F O complex increased by 2-fold, and its specific activity increased by 20%, suggesting a novel mechanism for complex V activity regulation that acts both on complex V assembly and on specific activity. Indeed, CRT not only increases complex V assembly, but also is 20% more active. Interestingly, along with reduced degradation of ATP-␤ in CRT, prohibitin 2 increased. Prohibitin 2 is a chaperone known to regulate mitochondrial protein stability, and turnover and the deletion of prohibitin genes in yeast causes an increased degradation of mitochondrial membrane proteins by the membrane-embedded m-AAA protease system. 31 Augustin et al 32 reported the existence of a constant efflux of peptides derived from mitochondrial protein degradation into the cytosol and regulated by AAA-proteases and chaperones, such as the prohibitins. The authors estimated that more than half of these peptide species were derived from the electron transport chain proteins using MS/MS. The decrease of m-AAA proteases, such as ClpP with CRT, supports this view and suggests that ClpP is a potential candidate for the proteolysis of complex V observed in this study. When we performed a 2DE Western blot analysis for ClpP, we found 2 forms with the same pI but different MW (Ϸ10 3 Da, supplemental Figure V) . The higher MW form is reduced in agreement with our differential display analysis, whereas the lower MW form is increased with CRT.
This study also identified a novel phosphorylated amino acid residue of ATP-␤ isolated from the DHF heart (T311). T311 is homologous to a site previously identified by our group in the heart of rabbits subjected to adenosine-induced preconditioning. 12 We believe that this discovery is important because the site-specific characterization of posttranslational modification could help to identify candidate kinases and other enzymes based on their consensus sequence.
The functional role of this phosphorylation is unknown, and mutational studies to assess it are in progress, but it is tempting to speculate that phosphorylation may be involved in ATP synthase protein folding, activity, and turnover regulation. F 1 /F O complex assembly seems to be affected by phosphorylation mechanisms at least in yeast, where it has been extensively studied. These studies suggest that phosphorylation-induced conformational changes expose protease consensus sequences that normally would be buried in the unphosphorylated protein. 31 This view is in agreement with the increased formation of assembled F 1 /F O subunits with CRT, as shown by BN-PAGE in this study. The mechanism of assembly of complex V subunits into F 1 and F O sectors is still the object of intense research, and a role for complex V modifications and assembly in mitochondrial uncoupling has been reported. 33 Yeast mutants lacking ATP-␥ (␥-less yeast) grow very slowly on fermentable carbon sources, and this has been linked to a proton leak through complex V. In native conditions, the inhibitor protein (Inh1p) prevents ATP synthase from working in reverse as an ATPase. In ␥-less yeast, Inh1p cannot efficiently bind complex V, and the complex dissipates protons and loosens mitochondrial coupling. 33 We report an increase in the respiratory control index, indicating a tighter mitochondrial coupling with CRT. This observation, together with the changes in ATP-␤ modifications and the improved activity and assembly of complex V with CRT, suggests that complex V is not only adapting, but also probably amplifying the beneficial effects of CRT on the upstream pyruvate metabolism. Our group presently is investigating the causal relation between ATP-␤ modifications and complex V assembly and activity, which lies beyond the scope of this study. Moreover, the observation that the quantity and activity of mature complex V is not changed in DHF hearts compared with shams suggests that the beneficial effects of CRT rely on a compensatory response that involves energetics rather than a reversal to the sham phenotype.
Conclusions
We have shown that resynchronization by biventricular pacing of a dyssynchronous failing heart alters the expression and posttranslational status of many mitochondrial enzymes that fuel pyruvate metabolism and, therefore, the respiratory chain, the site of ATP production. Notably, we demonstrate that subunits of complex V (ATP synthase) are less degraded (ATP-␤ and -␣) and differentially phosphorylated (ATP-␤) with CRT. The specific activity and the quantity of mature complex V, as measured in native conditions, also are increased. These and other observed changes suggest that CRT acts at several coordinated levels of the mitochondrial proteome (the pyruvate metabolism, the Krebs cycle, the respiratory chain subunits) with targeted modifications and increased activity and assembly of complex V, resulting in the overall improvement of mitochondrial function. The data support the notion that in addition to enhancing mechanical efficiency at a chamber level, CRT potently alters cellular energy metabolism in the mitochondria, which may play an important role in the ability of CRT to enhance the systolic work performance of the failing heart acutely and chronically while also improving long-term survival-something not yet achieved by pharmacological therapies.
